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[57] y ABSTRACT

A microelectric method and apparatus for recording
and differentiating between open and closed fractures
along the walls of boreholes is disclosed. A main cur-
rent and a controlled opposing or bucking current are
fed into a hard rock formation in a measurément area of
a borehole wall insulated from the drilling mud in the
borehole. Within this measurement area absolute poten-
tial and potential differences are measured and dimen-
sionless ratios based on the measurements of current and
potential are ascertained. The ratios indicate the pres-
ence of fractures and allow differentiation between
open and closed fractures allowing determination of an
open fracture network. The apparatus is made up of at
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Jan. 15, 1989 [HU] Hungary ........cccciviniiiiinnn, 2658/88 forced onto the wall of borehole. The measuring pad (6)
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E2 R SH T o1 K 324/367; 3247374  shaped outer measuring electrode (13), both connected
(58] Field of Search ............... 3124/347, 354, 357, 363,  to potential measuring units (22, 23), and surrounded by
324/364, 365, 366, 367, 373-375 a first feeding electrode (9) which 1s connected to a
_ main current generator (15), two monitoring electrodes
[56] References Cited (11, 12) connected to the input of a controlled current
U.S. PATENT DOCUMENTS generator (16) for regulating the bucking current sup-
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METHOD OF AND APPARATUS FOR CARRYING
OUT MEASUREMENTS ON OPEN AND CLOSED
FRACTURES IN A HARD ROCK FORMATION
PIERCED BY A BOREHOLE

BACKGROUND

The present invention relates to a microelectrical
logging method and apparatus for carrying out mea-
surements to differentiate open fractures from closed
fractures and to determine the network of the open
fractures in hard rocks pierced by a borehole. The
method and the apparatus proposed are based on gener-
ating microelectric fields that penetrate the wall of the
borehole. According to the invention, it is possible to
determine the network of the fractures present in a hard
rock formation, espeically to differentiate the open frac-
tures constituting passageways connected into a system
of communicating vessels showing remarkable hydrau-
lic conductivity from the closed fractures that are per-
meable from outside of the borehole.

The apparatus and the method of the invention can be
applied especially in the petrologic and hydrogeologic
investigations and in prospecting sources of useful. min-
erals. |

The determination of the network of the fractures
penetrating a hard rock formation pierced by a borehole
1S a very important object of the geophysical investiga-
tions carried out through a borehold. In the hy-
drogeology, petrology and in the process of displaying
the useful minerals the data received in this way are
evaluated and processed under geophysical, geologic
and mineralogic aspects. The importance of the mea-
surements of such kind follows from the well known
fact that the fractures which are present in a hard rock
formation may form the path through which water
enters mines and causes severe damage to the mines
through flooding.

The background art consists of different solutions to .
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the problem mentioned above; the most deveIOped of 40

them may be identified with the methods shown 1n the
Letters Patent U.S.A. Pat. No. 4,468,623 and 1n the

European early publication EP-A3-13 0 287 320. The
essence of the methods cited above lies in application of

a measuring downhole tool comprising pads made of 45

electrically insulating material. and a system of metallic
electrodes arranged within the pad. During the mea-
surements, the downhole tool 1s lowered and pressed to
the wall of the borehole in different places. The elec-
trodes generate a micro-electric field in their narrow
environment. The micro-electric field penetrates the
rocks adjacent to the insulating pad and 1s distorted by
them. The parameters of the microelectric field are
- measured and the data obtained thereby analyzed. The
measured parameters are the electric current intensities
and voltages and by processing them it 1S possible to
determine whether fractures are present in the region
investigated.

In the references cited, a method applicable to the
measurements of sharp local inhomogeneities on the
wall of a borehold in layers pierced by this borehold is
proposed, wherein an electric field is generated by mi-
croelectrodes in a conductive way on the wall of the
borehole. The microelectrodes are insulated from the
drilling mud filling the borehole by insulating pads
excluding direct electric contact to the conductive lig-
uid present in the borehole. In the next step, the cur-
rents are determined at two or more localizations in the
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borehole by carrying out local measurements. The cur-
rent intensities are coupled in a parallel way with one
another in a current field generated perpendicularly to
the wall of the borehole in the rock insulated from the
drilling mud. The local inhomogeneities are determined
on the basis of comparing the parallel current intensi-
ties: for each measurement the dimensionless ratio of the
current intensities is computed and the maxtmum values
of the dimensionless ratios are applied for displaying
inhomogeneities on a major surface area divided into
smaller regions.

The mentioned methods and apparatuses ensure
highly effective measurements of the inhomogeneities
on the wall of a borehole. However, they are character-
ized by two main disadvantages of generic character:

i. The investigations achieve penetration of the rocks
only to a shallow depth, 1.e., in the practice 1t 1S ImpoOssi-
ble to differentiate the open fractures forming parts of a
communicating fracture network showing remarkable
hydraulic flow capabilities from the closed fractures
produced mainly by the boring operation due to alter-
ing the stress distribution system in the interior of the
rock. This impossibility follows from the fact that the
networks of both types of fracture are deeper than the
radial investigation depth of the microelectric field in
the rock formation.
 ii. The background art is based on the obviously inac-
curate assumption that the fractures constitute gener-
ally straight line formations in the wall of the borehole.
Hence, during the data processing the fractures are
supposed to traverse the rock-along straight lines. This
assumption results in erroneous determinations of the
trend directions of the fractures - the fractures travers-
ing the rocks along broken and curved lines cannot
exactly be determined.

SUMMARY OF THE INVENTION

The present invention i1s directed to elaborating a
microelectrical logging method and apparatus for car-
rying out measurements to differentiate open fractures
from closed fractures and to determine the network of
the open fractures in hard rocks pierced by a borehole.
Thus, the invention provides a method and an apparatus
for obtaining highly reliable data constituting basis of
determination the fracture structure in a wide environ-
ment of the borehole.

The present invention is based on a combination of
two recognitions, namely with the known resistivity
logging methods applying focused current fields, espe-
cially with pad-type microelectrode systems forced to
the wall of borehole, the intensity of the central main
current supplied inside the bucking or opposing current
field increases when a fracture traverses the main cur-
rent field which increase is appreciably characteristic if
the fracture is filled with hydraulically mobile conduc-
tive fluid, and, on the other hand, there occurs also a
simultaneous potential distortion in the field of the main.
current.

On the basis of said combination of two recogmtlons
the main features of the present invention can be sum-
marized as follows.

According to the first feature of the present invention
a controlled and focused microelectric field 1s generated
on the outside of an inner protected surface of an insu-
lating pad pressed to the wall of the borehold. In this
protected space a circular form, generally ring shaped
measuring electrode M, and a concentrical point-like
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central measuring electrode K are placed. To the pro-
tected surface, remarkable current transport can be
observed from the microelectric fieid only in the case,
when on the wall of the borehole there is a fracture
traversing the area investigated by the pad, the fracture
being present oppositely to the protected surface. The
measuring system generates in this case a signal corre-
sponding to a dimensionless parameter Uyx/Ug repre-
senting a potential ratio generated by current transport
values. The first of these, Uwyg 1s proportional to the
current transport flowing from the ring shaped measur-
ing electrode M to a central measuring point K, both
electrode and measuring point lying within the pro-
tected surface. The second member of the ratio, Ug 1s
proportional to the current transport flowing in direc-
tion perpendicular to the surface of the pad, the second
member being measured 1n the central measuring point
K with respect to a far reference electrode N. The
d'mensionles. r«uo Uyg/Ughas a very [ow, nearly zero
value i the wall of the borehole is free of fractures and
shows remarkably higher value if a fracture traverses
the wall of the borehole oppositely to the protected
surface of the insulating pad.

The dimensionless ratio Uyx/Ug 1s an indicator of
the presence of a fracture, however it in itself doesn't
make a rehable basis for differentiating fractures ac-
cording their hydraulic conductivity, because of shal-
low depth of the investigation. Hence, this ratio is only
a pilece of information on the presence of the fracture.

The recognition 1s that a further dimensionless ratio
[1/I, of two current fluxes is characteristic for the kind
of the fracture, i.e., this ratio can be the basis of differen-
trating the open fractures from the closed ones.

The current flux Iy 1s the main measuring current of
the microelectric field and 1t is fed into the space filled
with the rock from a ring shaped metallic electrode A

arranged around the ring shaped measuring electrode
M and the central measuring point K, adjacently to the
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outer environment of the inner protected surface area of 4,

the insulating pad. The second current flux signed by I3
1S a bucking cuirent fed into the rock envi.onment by
another ring shaped electrode Aj having radius greater
than that of electrode A;. The first current flux I is

sharply focused by arranging two further ring shaped 45

electrodes Sy and S; between the aforementioned ring
shaped metallic electrodes Ajand Aj. The magnitude of
the current flux I7 is regulated in an automatic system
with respect to the current intensity I1in order to ensure
by the current transport between the regulating ring
shaped electrodes S; nd S; a potential difference A U
with value near or practically equal to zero.

This method of the automatic regulation results in
high value of the inner current flux I; with respect to
the second current flux I when in the hard rock forma-
tion an open, hydraulically conductive fracture is pres-
ent at the inner protected surface of the downhole in-
vestigation pad, the fracture facing the ring shaped
current electrodes Aj and Aj. Because of the focusing
influence exerted by the second current flux assigned to
the bucking current I, the first current flux I, assigned
to the main current decreases if there is no open fracture
in the measurement area. The lack of an open fracture
with remarkable hydraulic conductivity means that
there is no permeable and conducting medium through
the hard rock formation wherein the electric current
can flow, and the current escape through the film of the
drilling mud between the measurement pad and the
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hard wall of the borehole is prevented by the focusing
current transport Is.

According to the conclusions made above, it can be
stated that the dimensionless ratio I;/1; has a very low,
nearly zero value in lack of the open fractures and it
shows a remarkable increase in value if the arrangement

faces an open fracture, due to the increased permeabil-
ity and conductivity of the medium filling out the inner
space of the open fractures. Thus, the dimensionless
ratio Uayx/Ug indicates whether a closed or open frac-
ture 1s present in the interior of the field limited by the
ring shaped electrodes, and the dimensionless ratio
[1/1; gtves the basis of differentiating the open fractures
from the closed ones, giving relatively high values in
the case of open fractures, 1.e., fractures forming part of
a communicating vessel system with remarkable hy-
draulic conductivity.

The invention further introduces the dimensionless
normalized product |

computed from the mentioned dimensionless indicating
ratios on the basis of known mathematical constants A
and B. This product is especially capable of differentiat-
ing the open fractures from the closed ones because it
attenuates the indication whenever the fracture is a
closed formation and amplifies, increases the indication
when answering to the open fractures. The increase
itself depends on the magnitude of the hydraulic con-
ductivity of the fracture identified by the pad.

The mathematical constants A and B are determined
by means of known optimizing regression analysis for
enhancing the increase of I1/I2 and U yx/Ug caused by
the open fractures with a simultaneous attenuation of
the effects caused by other geophysical-geological vari-
ations of the investigated hard rocks wherein the values
of constants A and B are dependent on the geophysical-
geological conditions of the rocks.

The second feature of the present invention is to
provide a method for determining the network of the
open fractures showing a given level of the hydraulic
conductivity and being identified according to the first
feature depicted above. The method as proposed is
based on further important steps following the determi-
nation of the mentioned dimensionless ratios. Accord-
ing to the method, the inner protected surface of the
insulating pad is limited by a measuring ring M divided
Into more segments. Generally, the number of the seg-
ments- lies 1n the range of from 4 to 24. For practical
purposes, the number of 12 seems to be fully acceptable,
It can ensure the required accuracy. For each segment,
a further dimensionless ratio Uwyg;,/Ug is determined,
wherein Usk,1 means the potential difference measured
between the i-th segment of the electrode M and the
electrode K generated by the current transport between

-the i-th segment of the measuring ring M and the elec-

trode K. Ugreters to the absolute potential value of the
central measuring point K related to a far reference
electrode. This dimensionless ratio can be regarded as
an elementary fracture indication having value obvi-
ously dep~nding on the relative direction of the fracture
line in the moment of the measurement with respect to
the straight line connecting the i-th measuring segment
of the ring M with the central measuring point K. Ac-
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cording to the method presented here, the elementary
fracture indication is determined for each segment of
the segmented measuring ring (the number of the seg-
ments is n), i.e., the elementary fracture indications
Uwx i/Uk,Uyx2/Uk, . .. Usyk,n/Uk form the basis of
determination of the geometric orientation of the frac-
ture facing the insulating pad.

It is clear that in this method there is no general pre-
conception that the open fractures traverse the inner
protected surface of the pad along a straight line. The
geometric arrangement of the fracture can be deter-
mined according to the reality: a good approximation of
the broken or curved lire is obtained.

In order to determine the geometric arrangement of
the fracture as it stands, the elementary fracture indica-
tions Uwyx ;/Ug are tested and thereamong the two with
local maxima (e.g., Uwk,}/Ux and Uyx,m/Ukg, belong-
ing to the j-th and m-th segments) are selected. The
straight lines connecting the j-th and m-th segments
with the central measuring point K generally lie not on
a common straight line, i.e., not along the same diagonal
crossing the central measuring point K. A straight line
fracture can also be determined on this basis.

According to this second object of the invention, the
measurement of the real geometric orientation of the
fractures in their network 1s ensured by carrying out a
series of determinations.

The third main feature of the invention 1s to apply the
principle of plurality, i.e., to carry out measurements in
more points around the cross sections of the borehole
simultaneously. This means, the orientation of the open
fractures with remarkable hydraulic conductivity 1s
determined in more points in the same time. The num-
ber of the measuring points vary between 2 and 8, gen-
erally 4 points are applied. Obviously, the number of the
measuring points can be as high as necessary. On the
basis of the simultaneous measurements carried out in
separate points of the cross section of the borehole, a
continuous picture of the fractures in the hard rock
formation can be obtained.

In given circumstances, the measurements carried out
simultaneously can interfere one with another. This is
avoided by the method of the invention by selecting
different frequency values for ensuring the indepen-
dency of the separate measurements. This means, differ-
ent frequency values signed by fj, f3, f3, f4 (1if 4 pads are
applied) are selected for generating the microelectric
fields in the pads. Generally, the frequency values
should not exceed a limit of 1 kHz.

The fourth feature of the present invention is to make
use of electrodes divided into more segments instead of
the ring shaped main current electrode A forming a
continuous ring. The potential of the microelectric field
generated by the segments should be constant. The
equipotential system of the segments renders 1t possible
to avoid current flow from the electrode segments Al to
the inner part covered by a surface limited by the seg-
ments of electrode A1 if the wall of the borehole 1s free
from fractures. The equal potential of the segments 1s
ensured by connecting them in series through very low
value ohmic resistors. The resistor connected in series
with the given segment can be applied also for the mea-
surement of that part of the main current which 1s fed
into the rocks over the given segment. The partial cur-
rent fed by the given i-th segment signed by I /I 18
also a fracture indication giving a piece of selective
information of place and direction of the fracture, simi-
larly to the partial fracture indications Uwk,/ Uk de-
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fined earlier in the case of the measuring electrode M
divided into more segments. By forming a segmented
ring shaped electrode A}, it is possible to enhance the
directional sensitivity of the measurements and a further
very advantageous feature is received: the mud layer or
mudcake between the pad of the downhole investiga-
tion tool and the wall of the borehole can be detected
and its thickness can be determined.

This is carried out in the following way;

The first step is to determine for the segmented ring
shaped main current electrode Aj the mean (average)
value I} ; of the partial currents defined above:

1
"

|l p4x

If,f Il,:’

=1

The mean value Ij;is subtracted from the partial cur-
rents 1, ; and the difference thus obtained is divided by
the bucking current flux I;. The dimensioniess normal-
ized differences received for each of the segments, 1.e.,
the dimensionless ratios

fij — I
Ip)

are then divided into two groups: the first of the two
groups belongs to the highest values of the said ratios
and at most to the first four of them, the values exceed-
ing a predetermined threshold E; the relatively high
values given evidence of fractures traversing the lines of
corresponding segments. Hence, the serial numbers
(e.g., j, m, p, v) of these segments ensure the possibility
of determining the features of the fractures with respect
to their directions and geometric patterns. If all men-
tioned ratios have values below the mentioned thresh-
old E, it means that there i1s no fracture in the region
actually investigated by the pad, but there i1s a mud layer
between the pad and the fracture-free wail ot the bore-
hole. In this case, the mentioned dimensioniess normal-
1zed differences are to be proved further whether they
fall below another predetermined threshold w which is
smaller than E: if they do, it means the mud layer is
obviously a mudcake lying on the wall of the borehole,
and if not, the mud layer consists of real mud filling the
space between the pad and the wall of the borehole, the
last having a not smooth but rugose surface. Hence,
according to the invention, it is possible to differentate
the mudcake from the rugosity effect of the wall of the
borehole, further to determine the thickness either for
the mudcake or for the rugosity (both can be signed by
tm), because the higher the value of the dimensionless
ratio I, ;/I> the thicker the mud layer (or the rugosity).
The thickness t,, can be determined on the basis of a
functional dependency of the thickness t,, on the magni-
tude of the dimensionless ratio I; ;/I,. If the ring shaped
main current electrode A is divided into segments, 1t 1S
possible to obtain a fracture indication value H, of very
rich informative content which value differs from the
indication value H defined above because of applying
only the sum of the partial currents I1,i exceeding the
first mentioned threshold E, the sum replacing the full
main current flux Iy:

I]J —- Illm — Il‘p + Il_p

HE-:J'I( [1
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This indicator is equal to zero whenever there isn’t any
partial current exceeding in value the mentioned thresh-
old E. The zero level of the indicator H, defined above
1s an evidence for lack of the fractures. The level of the

indicator Hdiffering from zero shows the magnitude of 5

the hydraulic conductivity of the fracture; the accuracy
of this determination of the hydraulic conductivity is
higher than that of the determination based on the pre-
viously defined indicator H.

The mathematical constants A and B and the thresh-
olds E and w have values depending on the given cir-
cumstances, on the geophysical and geologic conditions
of the measurements.

The fifth disclosure of the present invention is to
provide a simple but improved electrode arrangement
tor feeding the bucking current. The feeding is achieved
by ring shaped electrodes A and A3 surrounding the
ring shaped main current electrode A and replacing the
monitor electrodes Sy and S; for detecting voltages. The
main current electrode Ajcan be divided into segments
it required. In this embodiment, the potential measuring
electrodes M and K are the same as before. The current
feeding electrodes A3, Ayand A are connected through
respective resistors of very low ohmic values to the
output of a generator for producing the main current I
(or the partial currents I; ; of the segments). Hence, the
potential of the ring shaped electrodes A, Az and Ajis
always the same. Between the rings of the electrodes
Arand Ay, further Asand Ajthere are respective poten-
tial troughs (regions characterized by low potential
values) in the space between the surface of the insulat-
ing pad of the downhole tool and the wall of the bore-
hole. The mentioned two potential troughs prevent
current leakage to the conductive drilling mud column
from the main current flux I in absence of fractures.

These two potential troughs are capable of creating
potential conditions which are similar as in the case of
applying the electrodes S; and S; for detecting monitor
potential, when the ring shaped electrode Ajis applied
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for feeding in a controlled bucking current I7 in order to 40

ensure zero potential difference between the monitor
electrodes Sy and Z».

The sixth feature of the present invention is to apply
an arrangement for better selecting the peak value of

the dimensionless fracture indicator Uyg/Ug. Accord- 45

ing to the invention, this can be achieved by replacing
the small point shaped electrode forming the central
measuring point K by a ring shaped electrode of rela-
tively larger diameter. In this case, the peak value of the
dimensionless fracture indicator Ujyskx/Ug can be longer
observed: the peak measurement level exists as long as
the ring shaped electrode K faces the fracture during
the movement of the downhole tool and this time is

enlarged by the larger diameter of the ring shaped mea-

suring electrode M. Due to the longer time it is possible
to carry out a high accuracy measurement of the peak
value assigned to the dimensionless ratio Uyg/Ug
whereby the accuracy of determining the hydraulic
conductivity increases, too. The increase follows from

the improved determination of the fracture indicators H 60

and H..

The seventh feature of the present invention is to
ensure further enrichment of the informative content of
the data obtained by the measurement. According to a
modified embodiment of the proposed method, in the
fracture indicators H and H, the exponent B is selected
to have an optimum value reflecting the given hydraulic
conditions of the open fractures (this exponent is signed
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further by Y) and the coefficient A is given the value
1.0. Further, the fracture indicator Uyx/Uk is raised to
an optimum X-th power. The optimum exponents Y and
X can be determined by the means of known optimizing
regression analysis, as shown already within the de-
scription of the first feature of the present invention. In
this way, modified hydraulic fracture indicators M' and
M’e can be obtained which are defined as follows:

Y X
Iy Uvik
M= (7?) ( Uk ) |
and
Y X
v Nj+Iim=+ hp+ Iy Usix
- g — ‘[2 LFX

The eighth object of the present invention to apply once
more the principle of the plurality, i.e., to carry out
simuitaneous measurements along the circumference of
a cross section of the borehole. The data obtained from
the simultaneous measurements carried out in 2 to 8,
preterably 4 points renders it possible to determine a
continuous picture of the features of the borehole and
its environment. Obviously, the picture prepared con-
tinuously has a very rich informative content with re-
spect to that of based on single measurements.

Hence, the present invention as depicted above in
accordance with different disclosures offers a solution
for differentiating the open, hydraulically conductive
(1.e., forming parts of a system of communicating ves-
sels) fractures from the closed fractures showing low or
negligible hydraulic conductivity.

One further advantage of the invention is that the
directions of the fractures can be determined, too. This
1s ensured by altering the place of measuring the poten-
tial values and/or introducing currents, by segmented
embodiments of the electrodes.

A turther advantage is that the combination gives
adequate data for differentiating the rugose (uneven)
wall of the borehole from the hydraulic connection
system really present in the fracturized hard rock for-
mation.

The method and the apparatus according to the in-
vention give therefore a reliable basis for determining
whether the fractures measured are natural formations

or have resulted from the process of drilling the bore-
hole.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be further explained in more detail
with reference to preferred embodiments and realiza-
tions shown in the accompanying drawings wherein

FIG. 11s a lateral view of the downhole tool lowered
into the borehole with pads pressed to the wall of the
borehole, with cross section of the hard rock formation,

FIG. 2 shows a schematic diagram of a first embodi-
ment of the apparatus proposed by the invention with a
continuous measuring ring M,

FIG. 3 1s a front view of the measuring pad of the
downhole tool having block diagram according to the
FIG. 2, -

FIG. 3A is a cross section taken along a line 3JA—3A
of the measuring pad of the FIG. 3,
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FIG. 4 is a schematic circuit diagram of a second
embodiment of the proposed apparatus wherein the
measuring ring M divided into n=12 segments forming
elementary measuring points 1s applied,

FIG. 5 shows a front view of a measuring pad of the
downhole tool with electrodes arranged according to
the FIG. 4,

FIG. 5A is a cross section taken along a line SA—J8A
of the measuring pad shown in the FIG. §,

FIG. 6 represents a horizontal cross section 6—6 of a
four pad embodiment of the downhole investigation
tool shown in FIG. 1, the four pads arranged in a system
for carrying out simultaneous measurements,

F1G. 7 is a schematic circuit diagram of a third em-
bodiment of the apparatus proposed by the invention,
wherein the apparatus is equipped with the measuring
electrode A divided into n=12 segments for feeding in
partial current fluxes, and '

FIG. 8 is a schematic arrangement of the inputs and
outputs of an enlarged arithmetic unit represented in the
schematic circuit diagram of FIG. 7.

FIG. 9 is a detailed presentation of the outputs of
apparatus shown in FIG. 2.

As it is shown in FIG. 1, a downhole measuring tool
1 for investigating fractures is suspended on a well log-
ging cable 3 which is connected to a head unit 4 of the
downhole measuring tool 1. The suspension 1s realized
in a borehole filled with drilling mud 2 and lowered in
a hard rock formation § to be investigated. The well
logging cable 3 connects the downhole measuring tooi
1 with a surface operating unit (not shown in the draw-
ing), comprising means for data processing. The down-
hole measuring tool is built up with appropriate arms 7
bearing respective measuring pads 6/1, 6/2, 6/3 (desig-
nated generally by 6 in FIGS. 3 and §) made of insulat-
ing material and equipped with an electrode system for
carrying out the measurements and forwarding the
necessary currents. The number of the measuring pads 6
is not limited to three as shown in FIG. 1, it can be, if
required, highér or lower, depending on the conditions
of the measurements. The pads 6/1, 6/2, and 6/3 are
pressed by the arms 7 to a wall region 8 of the borehole.

The surface operating unit includes most of the elec-
tronic elements listed up in the following. Of course,
only the equipment arranged on the pads 6 constitute
those parts of the apparatus as proposed which obvi-
ously must be arranged in the downhole measuring tool
1, the further elements and parts may be arranged either
in the downhole measuring tool or in the surface operat-
ing unit.

FIG. 2 represents a schematic circuit diagram of a
first embodiment of the apparatus proposed by the in-
vention wheérein an electrode system consisting of ring
shaped elements is arranged on a measuring pad 6. The
downhole measuring tool 1 (FIG. 1) is generally
equipped with a higher number of pads buiit up with
circuit diagram according to FIG. 2.

The measuring pad 6 bears a central electrode 14 for
voltage measurements. The central electrode 14 1s con-
stituted by a spot-like metallic element, however, it may
be made also in form a ring having small diameter. The
measuring pad 6 is built up with a carrier body 36 (FIG.
3 and 5)made of electrically insulating material. The
mentioned system of the electrodes is arranged on one
side of the carrier body 36 and oppositely to this side the

carrier body 36 with the arm 7, whereby a direct

contact between the electrodes and the wall region 8 1s
realized. The arm 7 presses the carrier body 36 to the
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wall region 8 and thereby the electric contact between
the drilling mud 2 and the system of electrodes 1s ex-
cluded as shown in FIGS. 3A and §A, i.e., from the side
of the arm 7 (not shown in FIGS. 3A and 5A) the dril-
ling mud 2 cannot come into contact with the system of
electrodes contacted with the wall region 8 of the bore-
hole.

The central electrode 14 is surrounded by an outer 21
measuring electrode 13, followed—from inside of the
measuring pad 6 to it circumference—by a first feeding
electrode 9, a first and a second detecting electrodes 11
and 12 and a second feeding electrode 10. The first and
second detecting electrodes 11 and 12 are applied for
providing observation of the potential conditions as it
will be described later. |

The first feeding electrode 9 is connected over a first
output measuring resistor 18 to a first output of a main
current generator 15 having a further output connected
to a far return feeding electrode 24. The first output
measuring resistor 18 is inserted also between two re-

spective inputs of an ammeter 19 having an output cou-
pled with an input of a first arithmetic data processing
means 21 equipped with output means 21/1, 21/2, 21/3,
21/4 for forwarding respective signals according to the
measured parameters.

The second feeding electrode 10 1s connected over a

second output measuring resistor 17 to a first output of
a controlled current generator 16 coupled through its
second output to the far return feeding electrode 24.
The controlled current generator 16 for generating
bucking current is connected through its inputs with the

first and second detecting electrodes 11 and 12. The first
output measuring resistor 18 is an active when measur-

ing the main current supplied to the first feeding elec-
trode 9 and the second output measuring resistor 17
checks the bucking current fed from the controlled

current generator 16 to the second feeding electrode
under influence of the input state determined by the first
and second detecting electrodes 11 and 12.

The second output measuring resistor 17 1s connected
between two inputs of an auxiliary ammeter for measur-
ing the bulking current produced by the controlled
current generator 16, and the output of the auxihary
ammeter 20 is coupled with an input of the first arithme-
tic data processing means 21.

A unit 22 for measuring voltage difference s con-
nected through its inputs within the outer measuring
electrode 13 and the central electrode 14, which 1s in the
case of the circuit diagram shown in FIG. 2 a point-like
metallic element. One input of the unit 22 1s connected
to a first input of a voltmeter 23 connected by its second
input-to a far reference electrode 25 supplying reference
voltage for carrying out measurements of absolute
value of the voltage. The output of the voltmeter 23 and
the unit 22 as well are connected to respective inputs of
the first arithmetic data processing means 21.

The outputs 21/1, 21/2, 21/3, 21/4 of the first anth-
metic data processing means 21 forward respective
measurement data to further data processing means.

The carrier element 36 of the pad 6 with circuit dia-
gram according to FIG. 2 is shown in front view (from
the side pressed to the wall region 9 of the borehole) in
FIG. 3 And in cross-section 3JA—3A 1n FIG. 3A. The
curved surface of the measuring pad 6 is pressed against
the investigated wall region 8 in the hard rock forma-
tion 8 in a way that there is no electric contact between
the electrode system of the measuring pad 6 and the
drilling mud 2. The position of the carrier body 36 of
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the measuring pad 6 is secured by the arm of the down-
hole measuring tool 1 (not shown in these figures). The
measuring pad 6 bears the point-like central electrode
14 and the surrounding further ring shaped electrodes,
1.e., the first and second detecting electrodes 11 and 12 5
and the second feeding electrode 10. The elements for

fitting the measuring pad 6 are not shown in FIGS. 3
and 3A.

A further advantageous embodiment of the apparatus
proposed by the invention is represented by a circuit
diagram shown in FIG. 4. This embodiment is capable
of carrying out measurements of the system of open
fractures terminating at the investigated wall region 8.
According to the circuit diagram shown in FIG. 4, the
ring shaped first feeding electrode 9 is connected by the 15
first output measuring resistor 18 to the first output of
the main current generator 15, the second output of
which 1s coupled with the far 1~ orn feeding electrode
24. The ring shaped first and second detecting elec-
trodes 11 and 12 are coupled with respective inputs of 20
the controlled current generator 16 supplying bucking
current to the second feeding electrode 10 through the
second output measuring resistor 17 under influence of
the signals received through respective inputs from the
first and second detecting electrodes 11 and 12. The
second output of the controlled current generator 16 is
coupled also with the far return feeding electrode 24.
The first output measuring resistor 18 is connected with
the ammeter 19 for measuring the main current supplied
by the main current generator 15 and the second output
measuring resistor 17 1s arranged at the input of the
auxiltary ammeter 20 intended to determine the bucking
current.

The difference of this embodiment to that shown in
FIG. 2 1s that the outer measuring electrode 13 is di-
vided into more segments, some of them signed by 13/1,
13/), 13/m and 13/12. The number of the segments of
the outer measuring electrode 13 is not specific, it de-
pends on the given circumstances. An advantageous
number 1s twelve as depicted in FIG. 4. The segments of 40
the outer measuring electrode 13 constitute a segmented
ring arranged concentrically to the central electrode 14.
Each of the segments is connected to respective units
for measuring voltage difference, whereunder only four
signed by 22/1, 22/j, 22/m, 22/12 are represented in
FIG. 4. A common input of the units for measuring
volitage difference 1s connected with the central elec-
trode 14, and thereby the central electrode 14 is linked
with the voltmeter 23 having an input driven from the
far reference electrode 25 creating the possibility of 50
determining the absolute value of the voltage. The FIG.
4 shows only the segments signed by 13/1, 13/j, 13/m,
13/12 connected to the inputs of the units 22/1, 22/j,
22/m, 22/12 for measuring voltage difference, how-
ever, obviously all segments of the outer measuring
electrode 13 are assigned to respective units for measur-
ing voltage difference.

The outputs of the ammeter 19 and auxiliary ammeter
20, the units 22/1, 22/j, 22/m, 22/12 and the voltmeter
23 are coupied with respective inputs of a second arith-
metic data processing unit 26 having outputs 26/1, 26/2,
26/3, 26/4, 26/5, 26/6, 26/7, for forwarding signals
according to the measured data.

The measuring pad 6 of the embodiment represented
by the circuit diagram of FIG. 4 is shown in front view
in FIG. § and in cross-section SA—5A in FIG. 5A. In
this case, also the system of the electrodes is arranged
on the carrier body 36, on its side facing the wall region

10

25

30

35

45

55

65

12

8 to be investigated in the borehole. The inner curved
surface of the carrier body 36 connected with the arm 7
(not shown in FIGS. § and 5A) faces the drilling mud 2.
The outer curved surface is pressed to the wall region 8
in a way excluding the direct electric contact between
the drilling mud 2 and the electrode system. The mea-
suring pad 6 is equipped with the point-like central
electrode 14 and the further surrounding ring shaped
electrodes, i.e., the outer measuring electrode 13 di-

vided into segments 13/1, 13/i, 13/j, 13/m and 13/12,

the first feeding electrode 9, the first and second detect-
ing electrodes 11 and 12 and the second feeding elec-
trode 10. The elements for fitting and pressing the mea-
suring pad 6 are not shown in these figures, too.

In the embodiment shown in FIG. §, the outer mea-
suring electrode 13 is divided into twelve segments. The
cross-section is taken along a line SA—S8A crossing the
fourth and tenth of the segments, signed by 13/4 and
13/10. The arrangement of the further electrodes is the
same as shown in the FIG. 2.

A downhole measuring tool 1 in an embodiment with
four measuring pads 6 is shown in cross section in FIG.
6, in a cross section taken along a line 6—6 determined
according to FIG. 1. The four measuring pads 6/1, 6/2,
6/3, 6/4 are pressed by respective arms 7 to the investi-
gated wall region 8 of the borehole and they bear the
electrode systems applied to the measurements (not
shown 1n this Figure). The arms 7 bearing the measur-
ing pads 6/1, 6/2, 6/3 and 6/4 are immersed in the
drilling mud 2 filling out the interior of the borehole.
The mechanical construction of the arms 7 (not shown
in detail either here or in connection with other Fig-
ures) ensures that the pads 6/1, 6/2, 6/3, 6/4 are pressed
to the wall region 8 in the hard rock formation 5 by
drilling the borehole in presence of the drilling mud 2.
The pressing mechanism guarantees that during the
measurements there is no direct electric contact be-
tween the drilling mud 2 and the electrode system fac-
ing the wall region 8 on the measuring pads 6/1, 6/2,
6/3, and 6/4. The specific feature of the embodiment
shown in FIG. 6 is that the electrode systems of the
measuring pads 6/1, 6/2, 6/3 and 6/4 are fed with cur-
rents of different frequency values respectively fi, {3, f3
and f4 in order to avoid interference between the mea-
surements carried out simultaneously by the measuring
pads 6/1, 6/2, 6/3, 6/4. Obviously, the number of the
measuring pads is not limited to four as shown in FIG.
6. Advantageously the frequency values are selected in
the range to 1 kHz. It should be noted that the mechani-
cal construction of the arms 7 is per se well known and
doesn’t require more explanation.

A further very advantageous embodiment of the ap-
paratus proposed by the present invention is shown in
the form of a circuit diagram in FIG. 7. This circuit
diagram 1s, in most of the details, similar to those repre-
sented 1n FIGS. 2 and 4. The measuring pad 6 belonging
to a downhole measuring tool 1 (FIG. 1) is intended to
determine the geometric orientation of the fracturesin a
network system reaching the wall region 8 of the bore-
hole and to detect whether a mudcake or a mud layer is
present on the wall of the borehole between the measur-
ing pad 6 and the wall of the borehole. In this arrange-
ment the first feeding electrode for supplying the main
current signed in the previous FiGS. by 9 is divided
Into more, e.g., twelve feeding segments, four of them
signed by 9/1, 9/5, 9/p and 9/12. The segments of the
first feeding electrode 9 are connected over respective
first output current measuring resistors—four of them
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are shown signed by 18/1, 18/j, 18/p, 18/12—with an
output of the main current generator 15. The circuit
arrangement is generally the same as shown in FIG. 2.

The other output of the main current generator 15 is
connected with the far return feeding electrode 24, the
ring shaped first and second monitoring electrodes 11
and 12 for measurement of potential values are con-
nected with respective inputs of the controlled current
generator 16 producing the bucking current, coupled
through its outputs over the second output measuring
resistor 17 to the second feeding electrode 10 and di-
rectly to the far return feeding electrode 24. The first
output current measuring resistors signed by 18/1, 18/,
18/p, 18/12 are connected over their common points
with the respective feeding segments, i.e., 9/1, 9/j, 9/p
and 9/12 to respective inputs of ammeters, wherein
FIG. 7 shows only four ammeters signed by 19/1, 19/,
19/p, 19/12. The poles of the second output measuring
resistor 17 are connected to inputs of the auxiliary am-
meter 20 for determining the value of the bucking cur-
rent. The other poles of the firt output current measur-

ing resistors 18/1, 18/j, 18/p, 18/12 etc. are united by a

common conductor led to the respective other inputs of
the ammeters 19/1, 19/j, 19/p, 19/12, etc. The ring
shaped outer measuring electrode 13 and the generally
point-like central electrode 14 are coupled with the
inputs of the unit 22 for measuring voltage difference.
The-central electrode 14 is connected with the voltme-
ter 23 for measuring the absolute value of the voltage of
the central electrode 14 against the far reference elec-
trode 25. The outputs of the ammeters 19/1, 19/, 19/p,
19/12, auxiliary ammeter 20, unit 22 for measuring volt-
age difference and voltmeter 23 are coupled with third
arithmetic data processing means 27 having outputs
27/1, 27/2, 27/3, 27/4, 27/5, 27/6, 27/7, 27/8 for for-
warding respective digital signals according to the mea-
sured parameter values.

Complex arithmetic data processing means are repre-
sented in FIG. 8. These means form an expanded ver-

sion of the third arithmetic data processing means 27 in .

FIG. 7. The inputs of the complex arithmetic data pro-
cessing means 28 are generally the outputs 27/1, 27/2,
27/3, 27/4, 27/5, 27/6, 27/7, 27/8 of the third arithme-
tic data processing means 27, however their outputs
designated by 28/1, 28/2, 28/3, 28/4, 28/5, 28/6, 28/7,
28/8 and 28/9 are independent of the third arithmetic
data processing means 27 shown 1n FIG. 7.

FIG. 9 represents a set of schematic fracture detector
logs of Uyx/Ug,11/12 and H designated in FIG. 2 1s the
outputs of the processor unit 21. At the output 21/1, the
dimensionless fracture detector (indicator) Uayx/Ug, at
the output 21/2 the other dimensionless fracture detec-
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fracture indicator H are each designated. The fracture
detector logs are presented versus depth (Z) in the bore-
hole, showing the readings as the tool is moved down 1n
the borehole. Section B shows the fracture logs 1in a
tight section of the hard rock without any fracture.
Section C shows the same; however in a rugose inter-
val. Section D shows the logs in the presence of a closed
fracture, while Section E is the case of an open fracture.
The embodiments of the apparatus as proposed by the
present invention shown in FIGS. 1 to 8 are operated in
the following way, whereby the essence of the method
of the invention can be also exemplified. |
The downhole investigating tool 1 illustrated in FIG.
1is equipped with an inner housing which is electrically
isolated from the driilling mud 2. This inner housing may
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include some or nearly all circuit units of the measuring
system(s) offered by the invention. The arms 7 of the
downhole investigating tool 1 press the insulating car-
rier bodies 36 of the measuring pads 6 (signed also by
6/1, 6/2, 6/3 and 6/4) to the investigated wall region 8
of the borehole in the hard rock formation 3. The mea-
suring pads 6 bear the metallic electrodes which are
necessary for generating the microelectric fields of the
determination, for monitoring and detecting the gener-
ated electric fields, and for regulating and measuring
some parameters. The measuring pads 6 of the down-
hole investigating tool 1 are made of an insulating mate-
rial, whereby the metallic electrodes are isolated from
each other and the direct galvanic contact with the
electrically conducting drilling mud is excluded. The
metallic electrodes are contacted with the investigated
wall region 8 of the hard rock formation 5§ through a
thin mud layer.

The measurements are carried out by the downhole
measuring tool 1 suspended in the borehole and for-
warded therein in a substantially continuous movement.
The well logging cable 3 provides the downhole mea-
suring tool 1 with an appropriate voltage supply unit
and it forms the way of forwarding the signals repre-
senting the measured values or the processed measure-
ment data.

During the process of logging, the feeding electrodes
9 and 10 generate, at each measuring pad 6, microelec-
tric fields automatically and continuously focused and
controlled. The continuous generations of the micro-
electric field renders it possible to carry out the continu-
ous measurements relating to the fractures in the inves-
tigated wall region 8. The basis of processing the mea-
sured data is the sampling, wherein the frequency of
sampling is selected to be as high as necessary for ensur-
ing the possibility of producing a complex fracture
picture by processing the measured data.

In the basic embodiment of the proposed invention,
the method realized ensures the detection of the frac-
tures in the neighborhood of the borehole, with en-
hancement the presence of the hydraulically conductive
open fractures, forming parts of a network of communi-
cating vessels, and with suppression of the data assigned
to the closed fractures which are the result of the pro-
cess of drilling the borehole. This method is realized by
the apparatus in its embodiment shown in FIGS. 2, 3
and 3A.

As it can be seen in FIG. 2, the main current genera-
tor 15 supplies current (of intensity I1) through the first
output measuring resistor 18 and the ring shaped first
feeding electrode 9, signed previously also by A, to the
space of the measurements. The first feeding electrode 9
constitutes together with the first output measuring
resistor 18 a series member. The current supplied and
fed into the hard rock formation comes back to the main
current generator 15 over the far return feeding elec-
trode 24 (B). The field generated by the current of
intensity I; results in a control potential difference Uj
measurable between the first and second ring shaped
monitoring electrodes 11 18 and 12 (S; and S3). The
measured potential difference Uy is given to the control
input of the controlled current generator 16 which 1s a
high stability current generator for generating bucking
current also with high speed of alteration, if necessary.
The controlled current generator 16 produces the buck-
ing current I> and feeds it into the measurement space
over the second output measuring resistor 17 and the
second feeding electrode 10 connected in series. The
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presence of the bucking current I, results in a counter-
voltage AU; ruling between the first and second moni-
toring electrodes 11 and 12, wherein the magnitude of
the countervoltage AUj is equal to that of the potential
difference AU; but it is of opposite sign. The resuited
control potential between the first and second monitor-
ing electrodes 11 and 12 is in this case of near zero
value. In the practice, of course, the ideally zero value
1S not achievable; however, a very low level can be
ensured. The low control potential value is the object of
this regulation and it can be ensured in a continuous
process during the measurements. The sharply focused
microelectric field according to the mechanism de-
picted includes a region of minimal potential level con-
stituting a ring shaped space part within the space lim-
ited by the first and second monitoring electrodes 11
and 12. This results in producing a potential barrier by
the potential field of the bucking current I,, the poten-
tial barrier preventing the flow of the main current I; in
lateral directions along the surface of the measuring pad
6 through the thin mud layer present between the mea-
suring pad 6 and the wall region 8. This potential barrier
prevents the lateral current flow in the case if the insu-
lating material of the measuring pad 6 is pressed to a
tight wall regton. The flow of the bucking current I is
not excluded also 1n this case, because of lack of any
potential barrier working against the second feeding
electrode 10 assigned to the bucking current I>. Hence,
the bucking current Iy can find the way of flowing
through the thin mud layer to the basic mass of the
drilling mud 2 characterized by relatively high electric
conductivity. It follows that in the case of investigating
a tight wall region in the borehole the bucking current
1S very high in comparison to the main measuring cur-
rent Iy, 1.e., the output 21/2 of the first arithmetic data
processing means 21 forwards a fracture indicator I1/1>
of very low value, practically being equal to zero.

If the investigated wall region 8 of the borehole in-
cludes a fracture terminating at the borehole and classi-
fied as an open fracture because of remarkable hydrau-
lic conductivity, this fracture traverses the line of the

ring shaped feeding and monitoring electrodes 9, 10, 11,

12 and measuring electrode 13. The open fracture com-
prises electrically conductive liquid constituted gener-

ally by the drilling mud penetrating the fracture and in
this conditions a current transport from the main cur-
rent I can be observed from the first ring shaped feed-
ing electrode 9 10 the space of the measurements and the
intensity of the current flow 1s increased in dependency
on the hydraulic conductivity of the open fracture, i.e.,
the ratio Ii/1I> indicates that a fracture with increased
hydraulic conductivity is present. This enhancement of
the open fractures is the main object of the dimension-
less current ratio I1/I; constituting a fracture indicator
for open fractures.

This method does not give data referring to the
closed fractures which are not important. The closed
fractures behave in this method in similar manner &:0
the tight wall of the borehole, because they are not
capable of giving a continuous way of flowing the main
current Ij.

- For carrying out the measurements, the main amme-
ter 19 produces a signal with level proportional to the
intensity of the main current 1. The signal is forwarded

to an input of the first arithmetic data processing means

21 from the first output measuring resistor 18. The aux-
iliary ammeter 20 forwards from the second output
measuring resistor 17, also to the first arithmetic data
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processing means 21, a signal with level corresponding
to the intensity of the bucking current I. The first arith-
metic data processing means 21 generates the ratio 1;/1
and forwards it through the output 21/2 of the first
arithmetic data processing means 21.

At the same time, the unit 22 for measuring voltage
difference determines the potential difference Uk be-
tween the ring shaped outer measuring electrode 13' (M)
and the point-like central electrode 14 (K) and forwards
the corresponding signal to a respective input of the
first arithmetic data processing means 21. The voltme-
ter 23 determtnes the absolute potential Ug of the cen-
tral electrode 14 taking as basis the potential level of the
far reference electrode 25 applied even for voltage mea-
surements (N). This measured value is also forwarded
to the first arithmetic data processing means 21, which
computes and generates on the output 21/1 a dimen-
sionless second fracture indicator Uwyx/Ugx for detect-
ing both the open and the closed fractures. However, it
1S to be noted that the second fracture indicator, i.e., the
ratio Uyx/Ug has values remarkably low in the case of
closed fractures and relatively high values if the frac-
ture 1s open. Similar to the first fracture indicator, i.e.,
to the ratio Ii/I7, the second indicator has also values
increasing with the hydraulic conductivity of the open
fractures.

The first arithmetic data processing means 21 com-
putes further a normalized fracture indicator H, which
1s also a dimensionless parameter and forwarded by the
output 21/3 of the first arithmetic data processing
means 21. The normalized fracture indicator H is a
modified product of the first and second fracture indica-
tors and it can be given by the formula

B
I Lk
= (475') ( Uk )

wherein A and B are mathematical constants reflecting
the given geophysical conditions. The modified product
determined by the formula is capable of enhancing the
open fractures from the background of the fractures and
giving a signal level according to the hydraulic conduc-
tivity. The product has very low value in the case of the
closed fractures. This results in a very clear picture of
the fractures present in the region of the measurements.
The normalized fracture indicator H reflects in a very
sensitive manner the hydraulic conductivity of the open
fractures and forms an adequate basis for analyzing the
hydraulic conditions of the open fractures, a better basis
than either the first fracture indicator I;/I» or the sec-
ond fracture indicator Ujys/Ug taken separately or
together.

The method and apparatus depicted above has a fur-

ther unexpected advantage, i.e., the absolute potential
value Ug measured by the voltmeter 23 and the inten-

sity I; of the main current measured by the ammeter 19
on the basis of the first output current measuring resis-
tor 18 give a resistivity value which can be identified as
apparent microrestivity R, of the microelectric field
generated by the main current. The first arithmetic data

processing means 21 forwards on the output 21/4 a
logarithmic signal according to the formula
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The expression R;=WUg/I; with the constant W de-
pending on the downhole measuring tool 1 1s a conven-
tional auxiliary parameter facilitating the investigations
by reflecting the material of the hard rock formations
and by improving the reliability of correlating the frac-
ture indicators H, 1;/I> and UMg/Ug of a given depth
with other geophysical parameters measured in the

same borehole.

By applying the modified circuit diagram shown in
FIG. 4 and the pad according to the FIGS. § and SA, it
1s possible to determine also the geometric configura-
tion of the open fractures reaching the wall of the bore-
hole and the difference of this configuration to the
straight line arrangement, 1.e.,, the measurements are
capable of giving information on the fractures whether
they traverse the hard rock formation along straight,
broken or curved lines.

A comparison of the FIG. 4 with FIG. 2 gives evi-
dence of similarity of the majority of the circuit ele-
ments shown in the figures mentioned. The way of
operating the apparatus according to FIGS. 4, 3 and SA
ts generally similar to that of the apparatus described
above with reference to the FIGS. 2, 3 and 3A and it 1s
possible to carry out the same operations.

In the apparatus with circuit diagram represented by
FIG. 4 and with the pads 6 built up according to FIGS.
§ and SA the outer measuring electrode 13 1s segmented.
The number of the segments can be as high as desired,
it depends on thLc technical conditions; The practical
results show that the best is to apply from 4 to 24 seg-
ments, especially 12 segments—the 12 segment arrange-
ment is shown in FIGS. 4 and S.

The apparatus built up according to this embodiment
carries out potential difference measurements for deter-
mining the values Uyk,; assigned to the segments 13/1
to 13/n of the outer measuring electrode 13 (n means
the number of the segments, in the embodiment shown
n=12, and i is the serial number of the segment). The
potential difference Uxsk,; assigned to the 1-th segment
of the outer measuring electrode 13 is measured by the
unit 22/i—the FIG. 4 shows only four of the segments
signed by 13/1, 13/j, 13/m and 13/12 connected with
measuring units 22/1, 22/j, 22/m and 22/12. The mea-
suring units 22/1 are all contacted with respective inputs
of the second arithmetic data processing means 26.

The second arithmetic data processing means 26
carries out more operations than the first arithmetic
data processing means 21 as it includes more units, i.e.,
operational elements.

The second arithmetic data processing means 26 re-
ceives signals corresponding to the measured potential
differences Uwyx ; and generates in real time mode the
mean value Uk as part of the ratio Uwx/Ug, wherein
Uk is the absolute potential of the central measuring
electrode 14 related to the far reference electrode 23.
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The second arithmetic data processing means 26 pro-

duces the average fracture parameter expressed in the
form of the following formula:

The average fracture parameter defined above as Uwvk.
/Ukis a very good approximation of the fracture indica-
tor Uyx/Ug defined above with reference to the em-

bodiment of the apparatus according to the invention
shown in FIGS. 2, 3 and 3A, i.e.,, the embodiments

defined above are capable of ensuring the same parame-
ters. The average fracture parameter is forwarded fur-
ther by the output 26/1 of the second arithmetic data
processing means 26. Of course, the mentioned means
are capable of generating the second fracture indicator
1,/1; defined above (forwarded by the output 26/2, and
the normalized fracture indicator in modified form:

(forwarded by the output 26/3) and the logarithmic
apparent microesistivity log Rg=log (WUg/1) (for-
warded by the output 26/4), as well. The mentioned
parameters are computed and forwarded in real time
mode and they can be stored and applied for creating a
full picture of the borehole environment, if they are
assigned to different depth levels in the borehole.

For determining the geometric arrangement of the
open fractures, the second arithmetic data processing
means 26 produces in real time mode and stores the
elementary fracture indicators Uy, /U forming ratios
of the potential differences measured for the i-th seg-
ment and of the absolute potential Uk measured by the
central electrode 14. These elementary fracture indica-
tors are forwarded by the output 26/5. The second
arithmetic data processing means 26 selects in real time
or off-line mode the two maxima values from the mea-
sured elementary indicators, if they are not assigned to
two adjacent segments. In the example of FIG. 4, the
segments so selected are 13/j and 13/m. The maximal
elementary fracture indicators Uy /Uxk and Uk,
m/Ug forwarded on the outputs 26/6 and 26/7 of the
second arithmetic data processing means 26. The se-
lected values are also stored together with data neces-
sary for identifying the place of determining them.

The series of the elementary fracture indicators U yk.
i/Ux measured versus depth of the borehole and the
selected local maximum values Uyk i/Uk and Uk
m/Ugk form an adequate basis for determining the geo-
metric network of the open fractures reaching the wall
of the borehole including the determination of the di-
rections of the fractures—they can stretch along broken
and curved lines, occasionally along straight lines. The
determination of the geometry of the fracture network
is generally carried out in off line mode, after complet-
ing the measurements and collecting all necessary data
and parameters. This process of determining is a normal
object for a computer system.

Turning now to FIG. 6, it can be seen how more
measurements can be completed simultaneously along
the circumference of the borehole. The Figure shows a
four pad measuring arrangement. The focused micro-
electric field is in this case generated in four different
places and the simultaneous measurements must not
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interfere one with another if the reliability of the mea-
sured parameter should be ensured.

According to the invention, the proposed method of
simultaneous measurements is carried out utilizing the
known multi-frequency system by applying four differ-
ent frequency values signed by fy, {3, f3, and f4 and se-
iected advantageously in the frequency range 60-1000
Hz for eliminating industrial and telluric current noises
below 60 Hz and skin effect (eddy current) disturbances
above 1000 Hz. The four frequency values assigned to
the four pads arranged at the wall of the borehole
should differ one from the other with a frequency dis-
tance which 1s as high as necessary for avoiding the
interference. Let the frequency increase with the indi-
ces: fi<fa<fi<fs. They are assigned to the pads as
shown in FIG. 6. The frequency difference f-fs be-
tween the adjacent pads 6/2 and 6/3 and f1-F3 between
the neighboring pads 6/3 and 6/4 can be selected to be
relatively big in order to ensure the independency of the
microelectric fields generated in a controlled manner
for carrying out the measurements. It seems to be an
interference problem between the neighboring pads 6/4
and 6/1 because of applying the adjacent frequency
values {3 and f3 the problem can be avoided and no
interference problem occurs.

The more pad system applied according to FIG. 6 is
not specific to the construction of the measuring pads 6.
There 1s no difference, whether the measuring pads 6/1,
6/2, 6/3 and 6/4 are constructed according to FIG. 2, 4
or 7, with electrode systems according to FIGS. 3, 3A
5, SA or 7. In all cases the measured data are processed
by the corresponding arithmetic data processing means
in real time mode and stored versus depth defined along
the axis of the borehole. During the measurements the

real time display of the measured data is generally real-
1ized only in connection with one of the pads 6, e.g., the
pad 6/1, capable of determining the fracture indicators

(1712,

B
( U .m') ( UMK)
l Uk l ’ Uk 1

and (H);, (H'), further the apparent microresitivity val-
ues expressed in logarithmic forms:
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The mentioned values can be displayed during the mea-

surements and they illustrate the fracture conditions
ruling in the borehole. |

The parameters measured on the different pads in a
real time mode are stored and in an off-line arrange-
ment, they can be applied for determining the image of

the network of the open fractures reaching the circum-
ference of the borehole

The determination of the continuous picture of the
fracture network can be carried out by applying a spe-
cific software forming no part of the present invention.

In a further embodiment of the present invention the
geometry of the open fractures reaching the wall of the
borehole is determined by the measurement of elemen-
tary current intensities I7; (i means an integer from 1 to
n) characterizing the segments of the first feeding elec-
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trode 9 divided into n segments. In this embodiment, it
1s possible to determine the thickness of the mud layer
present between the pad of the downhole measuring
tool 1 and the wall of the borehole (rugosity) or the
thickness of the mudcake, moreover to differentiate the
mudcake of uniform thickness from the rugosity of
uneven thickness. This embodiment of the proposed
method i1s carried out by the apparatus with circuit
diagram shown in FIG. 7 having also an expanded com-
plex arithmetic data processing means 28 according to

FIG. 8.

Turning now to FIGS. 2, 4 and 7, it i1s clear that the
most of the elements are common and they do not re-
quire further explanation which repeats only the afore-
said In the case of the apparatus built up according to
the FIG. 7 the elements common with the apparatus
according to FIG. 2 or 4 are operated 1n the same way.

In the apparatus of the invention realized with the
circuit diagram shown in FIG. 7, the main difference in
comparnison with the embodiments previously described
lies 1n the application of the segmented first feeding
electrode 9 tor supplying the main current. The number
of the segments applied is not specific, it depends on the
given conditions. According to the practice, the most
advisable 1s to divide the first feeding electrode 9 into 4
to 24 segments, preferably into 12 segments as it is
shown in FIG. 7. The apparatus determines the current
intensities I;; for each of the segments 9/i1, wherein 1=1
to n, and n means the number of the segments In this
measurement, the first output current measuring resis-
tors 18/1 (18/1, 18/;, 18/p, 18/12) are applied. One of
the poles of the first output measuring resistors 18/1 is

contacted through a common conductor to the main
current generator 15—this ensures a common potential

for each segment 9/i (9/1, 9/3, 9/p, 9/12) of the first
feeding electrode (ring A;). The ammeters 19/1 (19/1,
19/3, 19/p, 19/12) measure the current intensities in the
segments of the ring A and the segment current intensi-
ties I;; are ferwarded to the recquired input terminals of
the third arithmetic data processing means 27 The fur-
ther input terminals of the third arithmetic data process-
ing means 27 receive the following data: intensity I of
the bucking current measured through the low resistiv-
ity second output current measuring resistor 17, the
voltage difterence Uwysx measured by the unit 22 be-
tween the first and second monitoring electrodes 13 and
14, the absolute potential value Ug measured between
the central electrode 14 and the far reference electrode
25 by the voltmeter 23.

The parameters measured and forwarded to respec-
tive inputs of the third arithmetic data processing means
27 are transformed 1n a real time process and the follow-
ing dimensionless ratios are determined and transmitted
through the respective outputs: fracture indicators
Uux/Ux, /I, o0 T/l o0, In2p/1n, 000 1 12/
together with the serial numbers of the segments of the
first feeding electrode, the normalized sum

of the segment current intensities, the modified fracture
indicator H” formed on the basis of the first fracture
indicator and the sum mentioned according to the for-
mula
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which determines the hydraulic conductivity of the
fractures, and the logarithmic apparent resistivity ex-
pressed by the formula

Uk
log Ry = log W

n
Z I
=1

The mentioned parameters are measured and computed
in a continuous process during logging with the down-
hole measuring tool 1. They are also stored immediately

after computing. The first fracture indicator Uwyx/ Uk,
the mentioned sum of the segment current intensities,
the modified fracture indicator H"' can be registered

22

tion. This output is applied also for forwarding the
thickness t,, of the rugose mud layer present between
the insulating pad 6 and the tight wall of the borehole or
of the mudcake present in the borehole The thickness
t, can be determined on the basis of a functional depen-
dency between the thickness tn, and the ratio I} ;/1; and

- this is also an object of the complex arithmetic data

10

15

also versus depth, wherein the momentary position of 20

the downhole measuring tool 1 is registered, too.

In FIG. 8 a very schematic representation of a com-
plex arithmetic data processing means 28 1s shown 1n
contact with the outputs 27/1 to 27/8 of the third anith-
metic data processing means 27 shown in FIG. 7. The
complex means 28 receives the output signals of the
third arithmetic data processing means and forwards on
the output 28/1 a signal corresponding to the normal-
ized average value of the segment current intensities

according to the formula

Il.f

! g |
Iz = Pl N,/
on the output 28/2 the normalized differences of the

segment current intensities from the average value ac-
cording to the formula

Il,f — IE,:‘
I

for each of the segments, on the outputs 28/3, 28/4,
28/5 and 29/6 those of the mentioned normalized differ-
ences (at most four with serial number e.g., j, m, p and
v) which exceed a predetermined threshold value E
together with the corresponding serial numbers of the

segments, 1.e., the values

Nw=—1~0;
Ip)

wherein w=j, m, p, v. the outputs 28/3, 28/4, 28/5 and
6 forward signals for determining the direction and the
network geometry of the fractures. A further fracture
indicator of improved informative content signed previ-
ously by H, is generated and forwarded through the
output 28/7 according to the formula

B

(- ) (%)

for determining the hydraulic conductivity of the frac-
tures. If the comparison results in the consequence that
there is no fracture indicator exceeding the threshoid
value E, then the output 28/8 is applied for signalizing
the lack of any fractures on the place of the investiga-

Nj+nhom+ Lip+ Ny
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processing means 28. If the output 28/8 is active, the
complex arithmetic data processing means 28 1s applied
also for testing whether the normalized current differ-
ences

(I ;—11,7)/12 forwarded on the output 28/2 for each
segment (i=1 to n) exceed a predetermined second
threshold value w or not. If all normalized current dif-
ferences are greater than this second threshold value w,
then output 28/9 signalizes the presence of a mud layer
between the rugose wall of the borehole and the insulat-
ing measuring pad 6; in opposite case, if the normalized
current differences all are smaller than the second
threshold value w, then the output 28/9 is applied for
signalizing that on the wall of the borehole there 1s a
mudcake on the place investigated. The complex arith-
metic data processing means 28 operates in off-line
mode and include storage means for receiving the data
from the outputs. The output data are applied for creat-
ing a display about the geometric arrangement of the
fractures in the network, the geometric arrangement is
determined generally versus depth along the axis of the
borehole. The modified fracture indicator H, (output
28/7) the thickness t, of the mud layer or mudcake
(output 28/8) and the specific characteristic data for-
warded by the output 28/9 are generally illustrated in
function of the depth, depending on the position of the
downhole measuring tool 1.

In FIG. 9 creating of the dimensionless ratios Uk
/Uk,Ii/I; and H designated by 21/1, 21/2 and 21/3,
respectively in FIG. 2 is shown. In this figure section B
i1s in a tight hard rock formation with even wall of bore-
hole; its identifying 1s performed by the near-to-zero
level of the created ratio Uyx/Uk, very low level of the
created ratio I,/I; and by near-to-zero level of the cre-
ated compounded ratio H. Section C 1s in a tight hard
rock formation with uneven rugose wall of borehole; its
identifying is performed by near-to-zero level of the
ratio Uyx/Ugk, moderate varying level of the ratio
I,/I; and by low level of the compounded ratio H.
Differentiating the rugose wall of borehole in section C
from the even wall of borehole in section B is provided
by the moderate varying level of the ratio I;/I; in sec-
tion C and by the comparatively very low level of ratio
I,/1> 1n section B.

In section D a closed fracture occurs in the wall of
borehole, its identification is performed by a small spike
of low amplitude of the ratio Uygx/Ukg, low level of the
ratio [1/I> and by a small spike of low amplitude of the
compounded ratio H. In section E an open fracture
enters the wall of borehole; its identifying 1s performed
by large spikes of high amplitudes of all the ratios U k-
/Ug, 11/I2 and H, respectively. Differentiating the open
fracture in section E from the closed fracture in section
D is provided by the large spike of high amplitudes of
all the ratios Uyx/Ug, [1/I2 and H 1n section E and by
the comparatively small spikes of low amplitudes- of
ratios Uyx/Ug. H and by the low level of ratio I,/I>1n
section D.
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The method according to the invention realized by
the novel arrangements shown in FIGS. 1 to 9 is capa-
ble of carrying out the following:

1. measuring, indicating the hydraulically conductive
open fractures and differentiating them from the non-
conductive closed fractures:

2. measuring and determining the geometric arrange-
ment of the open, hydraulically conductive fractures by
recognizing and allowing for their broken and curved
line shapes;

3. measuring and determining—on the hard rock wall
regions without open fractures—the thickness of a ru-

gose mud layer or a mudcake precipitated on the wall of

the borehole, further differentiating the regions covered
by the mudcake from the regions with uneven, rugose
wall surface formations, the rugose mud layer being
present between the insulating material of the measur-
ing pad and the wall of the borehole;

4, measuring and determining fracture indicators H,

10

15

H', H” or M and the fracture indicators H, and M, of 20

improved informative content whereby the hydraulic
conductivity of the open fractures can be measured on
the places of the investigation;
5. applying in a multiplicative way the features men-
tioned above, 1.e., carrying out simultaneous measure-
ments 1n different points along the circumference of the
borehole and obtaining thereby a more complex image
of the open fractures present at the wall of the borehole.
What we claim 1s:
1. A microelectric method of logging open. and
closed fractures in a hard rock formation pierced by a
borehoie, comprising the steps of
pressing at least one measuring pad made of insulating
material to a region to be investigated in a borehole
drilled 1n a hard rock formation, said pad including
metallic feeding and measuring electrodes to
contact said region;
generating a controlled microelectric field penetrat-
ing said hard rock formation by means of currents
supplied by first and second feeding electrodes,

measuring by means of said ineasuring electrodes
current and potential conditions created by said
first and second feeding electrodes and

identifying on the basis of said measured conditions
hydraulically conducting open fractures and closed
fractures of low hydraulic conductivity present in
said hard rock formation, wherein said

first feeding electrode is a ring shaped electrode ar-

ranged concentrically-around a point-like central
measuring electrode, said first feeding electrode
supplying a main current into said region,

said second feeding electrode is a ring shaped elec-

trode arranged around said first feeding electrode
supplying a bucking current into said region,

said measuring electrodes include two monitoring

clectrodes arranged between said first and second
feeding electrodes, said monitoring electrodes mea-
suring a control potential,

sald bucking current 1s regulated in order to ensure a

value as low as possible for said control potential
measured between said monitoring electrodes,
said main current, said controlled bucking current,
the potential difference between said central mea-
suring electrode and an outer measuring electrode
surrounding said central measuring electrode, said
outer measuring electrode being inside said first
feeding electrode, and the absolute value of the
potential of the central measuring electrode 1s mea-
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sured, said central measuring electrode, said outer
measuring electrode, said first feeding electrode,

said two monitoring electrodes and said second
feeding electrode forming a substantially concen-
tric electrode system,
indicative dimensionless ratios of said currents and of
said measured potentials are formed and
sald open and closed fractures are identified and dif-
ferentiated on the basis of said dimensionless ratios
measured in a substantially continuous process
during movement of said at least one measuring
pad along the axis of said borehole, said open frac-
tures having greater values of said dimensionless
rations than said closed fractures.
2. The method as set forth in claim 1, comprising the
step of creating the dimensionless ratios 11/17, Uyx/Uk
and a normalized product thereof in the form of

wherein I means said main current, I; said bucking
current, Uyg the potential difference between said cen-
tral electrode and said outer measuring electrode, Uk is
the absolute potential in the place occupied by said
central electrode and A and B are mathematical con-

stants determined by known optimizing regression anal-
ysis determined by the given geophysical conditions of
said hard rock formation.

3. The method as set forth in claim 1, comprising the
further steps of dividing said outer measuring electrode
into at least 4, and at most into 24 segments, measuring
the potential difference Uk ; with respect to said cen-
tral measuring electrode for each segment, wherein 1
means the serial number of said segments with integer
values 1=1 to n, creating dimensionless ratios U yx-
i/Ugk, where Ug means the absolute potential of said
central measuring electrode, selecting the two maximal
values from said dimensionless ratios Uk ;/Ug with
serial numbers 1 differing by more than one, carrying
out determination of said dimensionless ratios in a sub-
stantially continuous way along the axis of said bore-
hole by translating said at least one measuring pad in
sald borehole and determining the direction of travers-
ing the surface of said measuring pad by the open frac-
ture on the basis of more measurements.

4. The method as set forth in claim 3, comprising the
step of computing an average value

Uyix

Uk

_ 1
T on

on the basis of the dimensionless ratios Uk ;/Uk, creat-
ing the dimensionless ratio 1;/1; and a normalized prod-
uct H' of said average value and said dimensionless
current ratio according to the formula

tor differentiating the closed fractures from the open
fractures.
5. The method as set forth in claim 3. comprising the

step of dividing the outer measuring electrode into 12
segments.
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6. The method as set forth in claim 1, comprising the
further steps of carrying out simultaneous measure-
ments in at least 2, at most 8 regions determined along
the circumference of the borehole, applying during the
measurements features preventing interference between
the result of said simultaneous measurements and creat-
ing a full image of the fracture network in the wall of
said borehole along the axis of the borehole.

7. The method as set forth in claim 6, comprising the
step of carrying out said simultaneous measurements by
means of measuring pads connected with supply units
forwarding currents of different frequency values to
each pad for preventing 'nterference.

8. The method as set forth in claim 6, comprising the
step of carrying out said simultaneous measurements in
4 regions along the circumference of the borehole with
measuring pads arranged at respective ends of two per-
pendicular diameter of the cross section of said bore-
hole.

9. The method as set forth in claim 1, comprising the
further steps of dividing said first feeding electrode into
at least 4, at most 24 separate segments, connecting said
segments to a common potential, measuring the elemen-
tary currents I ; of said segments, wherein i means the
serial number of the segments in the range 1=1 to n,
comparing said elementary currents I ; to said bucking
current Is and creating an elementary fracture indicator
1, /1 for each of said segments for determining the
direction of a current transport through a mudcake
present between said measuring pad and the wall region
to be investigated in said borehole, selecting at most
four of said elementary fracture indicators belonging to
said segments, the four elementary fracture indicators
with maximal values and having senal numbers j, m, p,
v, said segments being separated one form another by at
least one of said segments, determining the directions
between the segments with serial number j and p, fur-
ther m and v, the angle position of the lines connecting
said segments with serial numbers j, p, m and v to said
central measuring electrode, transporting the measuring
pad along the wall of said borehole and analyzing the
results of measurements carried out continuously.

10. The method as set forth in claim 9, comprising the
further steps of determining the mean value Iy ; of the
elementary fracture indicators I ;, then computing the
difference ratios (Iy;—11;)/I2 for each segment and
selecting from the difference ratios at most four exceed-
ing a predetermined threshold E and having serial num-
bers j, m, p, v, creating a modified fracture indicator H

according to the formula
B
Li+DIim+ Lp+ I Usmk
Ho=| A4 J T m fe y M
I Uk

and determining the hydraulic conductivity of the open
fractures on the basis of said modified fracture indicator
H, at the place of the investigation.

11. The method as set forth in claim 9, comprising the
further steps of checking the computed difference ratios

(I1,;—11,,)/1> for each segment and detecting presence of 60

an uneven mud layer of a mudcake between said mea-
suring pad and the wall of said borehole on the basis of
the magnitude of said computed difference ratios when
all remaining under the predetermined threshold E and

defining thickness of the mudcake or uneven mud layer 65

on the basis of the value I; /1.
12. A microelectric logging apparatus for measuring
and differentiating between open and closed fractures in
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a hard rock formation pierced by a borehole, compris-
ing at least one measuring pad arranged on an arm of a
downhole measuring tool, said measuring pad made of
insulating material and comprising electrodes including
a point-like central measuring electrode and a ring
shaped outer measuring electrode surrounding said
central measuring electrode, said outer measuring elec-
trode surrounded by a first feeding electrode providing
a main current and a second feeding electrode provid-
ing a bucking current, a first and a second monitoring
electrode disposed between said first feeding electrode
and said second feeding electrode, wherein said first and
second monitoring electrodes are connected to respec-
tive inputs of a controlled current for supplying said
bucking current through said second feeding electrode
maintaining a near-zero potential difference between
said first and second monitoring electrodes, said first
feeding electrode being connected to a main current
generator supplying said main current, said point-like
central measuring electrode and said ring shaped outer
measuring electrode being connected to the input of a
voltage difference measuring unit, said point-like cen-
tral measuring electrode also being connected to an
absolute voltage measuring voltmeter.

13. The apparatus as set forth in claim 12, wherein
said outer measuring electrode is divided into ring seg-
ments and said ring segments are connected to voltage
difference measuring units.

14. The apparatus as set forth in claim 12, wherein
said first feeding electrode is divided into segments
connected over respective output current measuring
resistors to the main current generator and to ammeters
for measuring the elementary main currents, wherein
the segments are connected to a common potential.

15. The apparatus as set forth in claim 12, comprising
at least four, at most twenty four, segments in either of
the first current feeding electrode and the outer measur-
ing electrode. |

16. The apparatus as set forth in claim 12, comprising
means for supplying currents of different frequency
values to different measuring pads, wherein the number
of the measuring pads is at least two and at most eight.

17. A method of detecting and differentiating be-
tween open and closed fractures in a hard rock stratum
pierced by a liquid containing borehole comprising the
steps of:

a) insulating a region of a wall of said borehole from

said liquid;

b) applying two opposing currents within said region
by means of concentric source electrodes;

c) measuring a control potential between said concen-
tric source electrodes:

d) regulating one of said opposing currents to obtain
a minimum valve for said control potential;

e) measuring both currents;

f) measuring the potential between a central point-
like measuring electrode, concentric with said
source electrodes, and an outer measuring elec-
trode, said outer measuring electrode within and
concentric with said source electrodes,

g) measuring the absolute value of the potential at
said central point-like measuring electrode;

h) forming dimensionless ratios of the measurements
taken; and

i) comparing said dimensionless ratios to determine
the presence of fractures and to differentiate open
fractures from closed fractures.
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18. A method of detecting and differentiating be-
tween open and closed fractures in a hard rock stratum
pierces by a liquid containing borehole as claimed in
claim 17 further comprising the steps of:

) insulating a second region of said wall of said bore-

hole from said liquid;

k) applying two additional opposing currents within
satd second region by means of second concentric
source electrodes, said additional opposing cur-
rents being of a different frequency than the first
OppOSIng currents; |

]) measuring a second control potential between said
second concentric source electrodes;

m) regulating one of said additional opposing cur-
rents to obtain a minimum value for said second
control potential;

d
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n) measuring both additional opposing currents;

0) measuring the potential between a second central
point-like measuring electrode, concentric with
sald second source electrodes, and a second outer
measuring electrode, said second outer measuring
electrode within said concentric with said second
source electrode:;

p) measuring the absolute value of the potential at
said second central point-like measuring electrode;

q) forming additional dimensionless ratios of the mea-
surement taken from said second region;

r) comparing said additional dimensionless ratios to
determine the presence of fractures and to differen-

tiate open fractures from closed fractures; and
s) correlating the presence and type of fractures be-

tween said region and said second region.
* X *x * *x
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